Background: Sudden cardiac death (SCD) results from a complex interplay of abnormalities in autonomic function, myocardial substrate and vulnerability. We studied whether a combination of noninvasive risk stratification tests reflecting these key players could improve risk stratification.
| INTRODUC TI ON
Sudden cardiac death (SCD) remains an important cause of death with an estimated yearly incidence in Europe of 400 000 deaths and an important socio-economic burden (Goldberger et al., 2011) . It is estimated that 50%-70% of cases are due to ventricular tachyarrhythmia's (Goldberger et al., 2011) . The implantation of an implantable cardioverter-defibrillator (ICD) in patients with a severely reduced left ventricular ejection fraction (LVEF) has shown to reduce the incidence of SCD (Moss et al., 2002) . However, current patient selection for primary prevention of SCD in ischemic (ICM) and nonischemic cardiomyopathy (NICM) is based on LVEF while most cases of SCD occur in patients with normal LVEF and many patients with a severely reduced LVEF are at low risk of SCD (Deyell, Krahn, & Goldberger, 2015; Exner, 2009) . The ultimate goal is to identify only those patients who will experience SCD in the nearby future with a bare minimum of false positives. SCD results from a complex interplay of numerous factors.
Ventricular arrhythmia, potentially leading to SCD, is linked to preceding abnormalities in the autonomic control of the cardiovascular system (Deyell et al., 2015) . Alterations in autonomic function are not likely to cause events without the presence of myocardial abnormalities called the myocardial substrate. Myocardial vulnerability is the final trigger for ventricular arrhythmia. Current noninvasive risk stratification tools focus on the pathophysiological mechanisms underlying ventricular arrhythmia: slow conduction, extent of myocardial damage, disturbances in autonomic tone, ventricular ectopy and dispersion of ventricular repolarization (Exner, 2009 ). Due to the complex interplay, risk stratification based on a single parameter is likely not successful (Exner, 2009) . Therefore, the objective of this study was to determine whether a combination of noninvasive risk stratification tools based on this pathophysiological triad of SCD could improve the prediction of ventricular arrhythmia and mortality in ICD recipients.
| ME THODS

| Patient population
All patients implanted with an ICD at the University Hospitals of Leuven until December 31, 2013, and a minimum follow-up of 1 year were included in a retrospective registry. The main design and findings of this registry have been published earlier (Vandenberk et al., 2016) . Briefly, patients with ICM or NICM and indication for an ICD in primary or secondary prevention of SCD conforming to current guidelines were selected for further analysis. Single chamber, dual chamber, and cardiac resynchronization devices with defibrillators (CRT-D) were included. Device programming and pharmacological treatment were adapted according to the guidelines at that moment.
Demographic, clinical, and electrocardiographic data before first implantation were collected by review of the electronic medical record.
For this analysis, we focused on patients with stored 24-hr holter recording acquired before first ICD implant. Patients were excluded if no 24-hr holter recording was available, either not performed or only after ICD implant, if the recording registered atrial fibrillation (AF) or if pacemaker activity was present. The study was approved by the ethical committee of the University Hospitals of Leuven.
| Endpoints
The primary endpoint of the study was first appropriate shock (AS) by the defibrillator independently of preceding anti-tachycardia pacing. The date and cause of AS were collected and verified using source documents. ICD programming was collected both at implant and at time of first AS. The secondary endpoint was total mortality.
Mortality was collected with date and cause of death. In case of heart transplant, the date of transplantation was considered last follow-up. Endpoints were collected until December 31, 2014. Because a single baseline measurement might not predict long-term events and the patients general health status changes over time, analysis was performed with short-term follow-up after 1 year and 3 years follow-up.
| QRS fragmentation
Resting 12-lead electrocardiograms (25 mm/s paper speed, 10 mm/mV, filter range 0.05-150 Hz with notch filter at 50/60 Hz) before ICD implantation were collected and analyzed for the presence of QRS fragmentation (fQRS). Since all patients received a routine preoperative 12-lead ECG, a good quality tracing was present in all 12 leads. Analysis was performed blinded for endpoints and without digital magnification of the traces. fQRS criteria differ depending on QRS-duration and morphology. ECGs were separated in subgroups: QRS-duration ≤120 ms and QRS-duration >120 ms based on automated analysis by the "GE Marquette 12SL TM ECG Analysis Program" (GE Medical Systems, Menomonee Falls, WI). In patients with QRS-duration ≤120 ms, fQRS was defined as the presence of any RSR' pattern, ≥1 R prime or notching of R or S wave (Das, Khan, Jacob, Kumar, & Mahenthiran, 2006) .
In case of QRS-duration >120 ms, fQRS was defined as various RSR' patterns with or without a Q wave, with >2 R waves (R') or >2 notches in the R wave, or >2 notches in the downstroke or upstroke of the S wave (Das et al., 2008) . fQRS was considered to be present when recorded in ≥2 contiguous leads as divided by major coronary artery territory: anterior as V1 to V5; lateral as I, aVL, and V6; and inferior as II, III, and aVF (Das et al., 2006 ).
| Holter recordings and analysis
Twenty-four hour ambulatory two-or three-channel ECG recordings were analyzed by means of Synescope Holter software (LivaNova).
The following noninvasive risk stratification tests were calculated: heart rate variability (HRV) including detrended fluctuation analysis (DFA), heart rate turbulence (HRT) with turbulence onset (TO) and turbulence slope (TS), deceleration capacity (DC), and 24-hr QTe/RR analysis. A detailed list of risk stratification tests, parameters, and their respective methodologies are available in Supporting information Supplement S1.
| Statistical analysis
Continuous variables are presented as mean ± standard deviation and categorical variables as number and percentages. Parameters were compared between groups using unpaired Student's t test and chi-square test when appropriate. First, the predictive value of all noninvasive risk stratification tests performed on 24-hr holter recordings was investigated by receiver operating characteristics (ROC) analysis for the primary and secondary endpoint. As different tests assessing autonomic function could represent different autonomic behavior and therefore may yield different prognostic information, multiple tests for autonomic function were studied in separate models. For both the primary and secondary endpoints, the tests with the highest AUC after 3 years follow-up were selected for further analysis. Cox proportional-hazards regression modeling was used to evaluate the contribution of different parameters to endpoints. Adjusted multivariate Cox regression analysis was performed with a baseline model including: age, sex, etiology of cardiac disease, ICD indication, NYHA class, left ventricular ejection fraction, renal function, use of amiodarone, and the mean heart rate over 24 hr. Then, the selected tests were added separately to the baseline model and their predictive value was assessed using C-statistics and compared to the baseline model by means of a Z-test. In the final step, parameters were added together to the baseline model and C-statistics were calculated for comparison to the baseline model.
Bootstrapping to 1,000 samples was performed to assess the reliability of the adjusted regression models, and regression coefficients (B) and 95% confidence intervals were added as supplement. Finally, Kaplan-Meier analysis with log-rank testing was used to compare endpoint rates between patients according to the number of abnormal parameters expressed as a risk score. A p-value <0.050 was considered significant. All statistical analyses were performed using SPSS (IBM Statistics, version 23).
| RE SULTS
| Patient population
In 268 patients, a 24-hr holter recording was available prior to first ICD implant. Of these, 36 were excluded because of the presence of AF and 12 because of pacemaker activity. Further analysis was performed based on 220 patients fulfilling the in-and exclusion criteria.
Patient characteristics are shown in Table 1 and ICD programming in Supporting information Supplement S2. After 1 year follow-up, 29 (13.2%) patients received a first AS, 20 (69.0%) for ventricular tachycardia, and 9 (31.0%) for ventricular fibrillation. After 3 years of follow-up, 42 (19.1%) patients received a first AS, 28 shocks (66.7%) for ventricular tachycardia and 14 (33.3%) for ventricular fibrillation, and 15 (6.8%) died of the latter 10 cases were cardiac-related death. As only 7 (3.2%) patients died within 1 year of follow-up, no further analysis was performed for mortality after 1 year of follow-up. There were no significant differences in endpoints between ICM and NICM patients.
| Holter results
In 3 patients, additional analysis of the Holter recordings was not possible, either due to high number of ventricular premature beats (VPB) (n = 2) or technical failure (n = 1). The ROC analysis for AS showed the highest AUC for DC and nonedited DFA α1 (Supporting 
| Ventricular premature beats
A total of 133 (60.5%) patients had a VPB count >10/hr on 24-hr holter recording, which was most prevalent in patients with NICM compared to ICM (69.6% vs. 53.9%, p = 0.019). A VPB count >10/hr was significantly associated with AS, but not with mortality in univariate Cox regression analysis.
| Endpoint prediction
| Appropriate shocks
The adjusted Cox regression models for prediction of AS are shown in Table 3 Kaplan-Meier analysis for AS according to the score assigned by the number of abnormal tests is shown in Figure 1a . In adjusted Cox regression analysis after 3 years follow-up, each increase in score was associated with a 1.8 times increased risk of AS (HR 1.793, 95%
CI 1.255-2.564).
| Total mortality
In adjusted Cox regression analysis, the presence of fQRS in any region and abnormal autonomic function assessed by TS or edited DFA α1 were associated with mortality (Table 4 , Supporting information Supplement S4). When combining these tests with the baseline model, the model including edited DFA α1 and fQRS in any region showed a significant increase in C-statistics. Kaplan-Meier analysis for mortality according to the score assigned by the number of abnormal tests is shown in Figure 1b . Amongst patients with a score of 0, no deaths occurred, whereas each point increase in score was associated with a five times increased risk of dying (HR 5.069, 95% CI 1.978-12.994).
| D ISCUSS I ON
In this retrospective analysis, a combination of measures of autonomic tone, myocardial substrate, and myocardial vulnerability was shown to improve noninvasive risk stratification of appropriate ICD shocks, whereas an alternative model including autonomic tone and myocardial substrate was shown to improve prediction of mortality. There are different methods available to assess the presence of myocardial damage, ranging from simple visual scoring of fQRS to complex mathematical approaches of T-wave morphology (Zabel et al., 2000) . The association between fQRS on a routine clinical ECG, SCD and total mortality has been shown in a recent meta-analysis (Rosengarten, Scott, & Morgan, 2015) . Further, regional presence of fQRS has been linked to discriminate AS (inferior region) and total mortality (anterior and lateral region) (Vandenberk et al., 2017) . The latter could explain the different prognostic value of fQRS in the model for mortality and AS.
| Selected parameters
For autonomic function, parameters of the time-and frequencydomain of HRV are simple mathematical expressions of RR-interval variability, whereas other markers are correlated to a specific physiological background. HRT has been correlated to baroreflex sensitivity in which TO quantifies the amount of sinus acceleration after a VPB and TS the rate of deceleration after this acceleration. In a recent systematic review, HRT showed a consistent predictive value for cardiac death and arrhythmic events (Disertori, Mase, Rigoni, Nollo, & Ravelli, 2016) . However, TS has shown superiority over TO to predict total and heart failure-related mortality (Cygankiewicz et al., 2008) . DC can be interpreted as a global measure of heart rate deceleration as it is an integral measure of all deceleration-related periodic components of the heart rate over a 24-hr period (Bauer et al., 2009) . DC has been shown to be an independent predictor of both SCD and total mortality (Arsenos et al., 2016) . However, as ventricular arrhythmias can be considered a coincidence of circumstances, we hypothesize that a global measure of autonomic function, as DC, could yield a higher predictive value than a rather specific measure related to VPBs, as HRT. DFA reflects the fractal correlation properties of heart rate dynamics and is determined by the delicate interplay between sympathetic and vagal activity (Tulppo et al., 2005) .
The observed difference in prognostic power between edited and unedited DFA values may be one of its strengths. In the SCD-HeFT population, unedited DFA showed a strong predictive value for ventricular arrhythmia and was shown to be more predictive than traditional HRV parameters (Au-Yeung et al., 2015) .
| Combination of risk factors
In 1991, it was described that combining LVEF with HRV, signalaveraged ECG, VPB count, and resting heart rate significantly improved risk stratification of ventricular arrhythmias in ICM patients when compared to LVEF alone (Odemuyiwa et al., 1991) .
In the ABCD trial, noninvasive risk stratification by combining LVEF with microvolt T-wave alternans (MTWA) was shown to be noninferior to invasive risk stratification with an electrophysiological study (Costantini et al., 2009) . Further, MTWA and invasive electrophysiological study were complementary and further improved risk stratification. The REFINE study assessed a battery of tests including baroreceptor sensitivity, signal-averaged ECG, HRV, HRT, and MTWA (Exner et al., 2007) . In patients post myocardial infarction with a LVEF <50%, a combination of MTWA and HRT, hence combining myocardial damage, vulnerability, and abnormal autonomic function, respectively, improved prediction of cardiac mortality and resuscitated cardiac arrest. In a SCD-HeFT substudy, combining DFA and number of PVBs/hr was amongst the best models to predict ventricular arrhythmias and SCD (Au-Yeung et al., 2015) .
| Clinical value and future perspectives
The ultimate goal of noninvasive risk stratification is to identify patients at high risk of SCD which can benefit from an ICD implant, minimizing futile ICD implants. Further, patients at increased risk could benefit from increased vigilance, lifestyle modification, physical rehabilitation to improve their autonomic function, pursuing optimal medical therapy or an upgrade to CRT therapy. A first clinical lesson is that with current noninvasive risk stratification strategies mortality is better predicted than ventricular arrhythmias, as reflected by the C-statistics. Second, the C-statistics for AS were clearly higher after 1 year when compared to 3 years. To identify and predict the future electrical risk with discrimination of the competing risk on mortality, a prospective multicenter study is needed. Besides a combination of noninvasive risk stratification test, evaluation of the autonomic nervous system, genetics, and myocardial imaging should be included.
| LI M ITATI O N S
The main limitations of our study are its retrospective design and lim- DFA α1, no cutoff value in a comparable population studying ventricular arrhythmia has been published before and a population-specific cutoff was determined based on ROC analysis. Several noninvasive risk stratification tests, for example further information on VPB timing and morphology, were not included in the analysis as these were not available but could be of major interest in further studies. Besides electrocardiographic analysis, imaging techniques have evolved and are being studied for noninvasive risk stratification purposes.
| CON CLUS ION
Noninvasive risk stratification of SCD remains challenging, and current risk stratification tests should be combined in order to optimize their potential. Combining parameters reflecting autonomic function, myocardial substrate, and vulnerability may ameliorate the current approach. HRT, DC, fQRS, and DFA yielded the highest potential in our study. TA B L E 4 Adjusted Cox regression modeling and C-statistics for mortality after 3 years of follow-up
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